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Abstract: In-situ mullite toughened 3Y-TZP ceramics (Mullite/3Y-TZP ceramics) 
with different content of mullite were prepared by gel-casting combined with 
pressureless sintering to study effects of the content of mullite on their microstructure 
and tribological properties. The results indicated that the mullite uniformly distributed 
in the zirconia matrix had a complete columnar structure and a moderate content in S2 
(the sample containing 4mol% mullite), and the smooth surface caused by low 
porosity combined with the good mechanical properties significantly reduced the 
coefficient of friction and wear rate of S2. A high proportion of irregular mullite 
destroyed the overall structure of S3-S5 (the samples containing 6, 8 and 10mol% 
mullite, respectively), combined with high porosity not only reduced the mechanical 
properties of them, but also led to an increment in surface roughness, which 
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significantly lowered the wear resistance of the material. Studies of worn surfaces 
showed that micro-cutting was present in every sample, but the degree of 
micro-cutting and adhesive wear in S2 were minimal due to its good structure and 
properties. However, the micro-cutting and adhesive wear of S3-S5 were exacerbated. 
Key words: Mullite/3Y-TZP ceramics; Tribological properties; Microstructure; Wear 
rate; Wear mechanisms 
1. Introduction 
Wear and corrosion are two of the main reasons why materials fail during engineering 
applications, especially when the parts are subject to joint attack by both [1]. As an 
oxide ceramic, 3Y-ZrO2 ceramic has attracted much attention in the mechanical and 
biological fields due to its good mechanical properties, corrosion resistance and 
biocompatibility, being expected as a promising wear-resistant material applied in 
harsh environments [2-4]. However, although the presence of Y2O3 stabilizer reduces 
the volume change caused by phase transitions in 3Y-ZrO2 ceramic, it tends to fail due 
to the inherent brittleness under the stresses caused by thermal shock, erosion and 
wear processes [5,6]. Moreover, the brittleness caused by low fracture toughness not 
only makes it brittle in practical applications, but also causes large wear due to 
spalling during the process of friction. Considering that the high requirements for its 
tribological properties in both biological and mechanical fields, it is necessary to 
reduce the wear rate based on the improvement of toughness. In order to solve this 
problem, a large number of studies have shown that the addition of second phase 
particles are considered to be the most promising method [7-9]. 
At present, a series of measures have been used to improve 3Y-ZrO2 ceramic, such as 
  
the addition of second phase particles which include whiskers, particles and platelets 
with excellent properties [10,11]. However, although these measures have improved 
brittleness to some extent, they all have their own disadvantages, such as thermal 
mismatch with the matrix, oxidation at high temperatures and uneven distribution in 
the matrix [11,12]. Mullite (3Al2O3·2SiO2) is the only stable silico-aluminate in the 
binary system of SiO2-Al2O3 at atmospheric pressure which does not react with the 
matrix [13-15]. It has broad prospects in the field of reinforcing materials for ceramic 
matrix composites by preventing the spread of microcracks due to its high strength, 
low coefficient of thermal expansion and thermal conductivity, excellent corrosion 
resistance and oxidation resistance [16-22]. 
Meanwhile, currently extensive research has been conducted on the field of tribology 
involved in practical applications of zirconia ceramics. Previous research work has 
shown that the tribological properties of 3Y-ZrO2 ceramic are affected by the content 
of second phase particles (Al2O3) [23]. The result indicated that the ceramic had 
excellent tribological properties when 10wt% Al2O3 was added, because they had 
lower surface roughness and optimum mechanical properties, including higher 
hardness and fracture toughness. The effect of heat treatment on the tribological 
properties of 3Y-ZrO2 ceramic was also studied [24]. It was found that the wear 
behavior of the samples after two different heat treatments was about the same at low 
speed, but the material with fine grain structure had higher wear resistance at high 
speed. The increment of wear rate in the material may be caused by the phase 
transformation due to the existence of compressive stress, which led to the change of 
  
volume and the generation of cracks, thereby causing grain to fall off. 
However, in view of few reports on the tribological properties of Mullite/3Y-TZP 
composite ceramics, this study will be based on the existing research including the 
study of the microstructure and mechanical properties of Mullite/3Y-TZP composite 
ceramics, using in-situ mullite combine with gel-casting process to prepare the 
composite ceramics, and further study the influence of the content of mullite on the 
tribological properties of it and explore its optimal composition, which provides a 
theoretical basis for its application [25]. 
2. Experimental procedure 
2.1. Preparation of Mullite/3Y-TZP composite ceramics 
The specific preparation process of Mullite/3Y-TZP composite ceramics is described 
as follows: Firstly, the premixed solution which consist of monomer, dispersant and 
cross-linking agent was mixed with raw material powder, and then the obtained 
mixture was milled for 4h to obtain slurry; Secondly, the catalyst and the initiator 
were added dropwise to the slurry placed in nitrogen atmosphere while being stirred, 
and then poured it into a mold to obtain a green body; Thirdly, the green body was 
subjected to liquid phase drying and air drying; Finally, the product was obtained by 
sintering the dried object. More details about the experimental process and the raw 
materials used in this study were described in the literature of Liu et al [26]. 
2.2. Characterization methods 
The open porosity of the samples was measured by the Archimedes method in 
distilled water, and the accuracy of electronic balance was 0.0001g. Five pieces of 
  
samples were used to measure the open porosity at each kind of sample. The 








P  (1) 
Where m1 represents the total mass measured after the pores of the sample are filled 
with water; m2 represents the actual mass of the sample; m3 represents the reading of 
the electronic scale obtained by suspending the sample in distilled water, that is, the 
mass of the discharged water; P stands for open porosity of the sample. 
The microstructure of the samples and the morphology of worn surfaces after rubbing 
were observed by Scanning electron microscope (SEM, JSM-6390, JEOL, Tokyo, 
Japan). Before SEM analysis, the surface of the samples was washed and dried, then a 
thin layer of Au film was coated on the surface of the sample by spraying gold for 
120s, so as to achieve higher resolution of surface scanning. Using X-ray diffraction 
(XRD, Cu Ka radiation, D/max-2550-18kW, Rigaku, Japan) from 15° to 70° at 40kV 
with a scanning speed of 8°/min to analyze the composition and state of phases in 
zirconia matrix. The distribution of various elements and phases was investigated by 
electron probe microanalysis (EPMA, JEOL CO, Jxa-8230). Laser scanning confocal 
microscope (LSM700, Zeiss Axio, German ） was used to characterize the 
three-dimensional (3D) morphology of the worn surfaces in the samples. 
2.3. Tribological tests 
All the tribological tests were carried out on the MMD-1 Multifunctional Friction and 
Wear Tester. The actual picture and schematic diagram of the friction experiment were 
shown in Fig. 1. The discoidal high-chromium cast iron (Cr26) with the dimension of 
  
φ45mm×4mm was used as the mated ring because it had a high hardness that 
matched the ceramic, and the tribological tests was carried out in the oil environment 
using the pin-disc friction method in the context of its application in the mechanical 
field. Various performance parameters of the mated ring and oil were shown in Table 
1. The dimensions of the cylindrical samples for tribological tests were φ4mm×
10mm. Each set of samples and mated rings were polished prior to rubbing. In order 
to obtain the wear trace and analyze the wear mechanism of the sample on the basis of 
it, large load and high sliding velocity were adopted. Different samples were rubbed at 
200r/min for 30 min in oil environment with an applied load of 150N and the room 
temperature was kept constant during this period. The setting of various parameters 
during the friction process was shown in Table 2. The frictional testing machine will 
automatically collect the friction coefficient curve during the friction process. After 
the rubbing process, the rubbed sample was ultrasonically cleaned and dried, and then 
the wear rate was calculated by mass loss. Finally, 3D morphology of the worn 
surface was characterized by LSM700 to determine the width and depth of the worn 
track. The wear mechanism was studied by analyzing the SEM topography of the 
worn surface. 
3. Results and discussion 
3.1 X-Ray and microstructural analysis 
XRD pattern in Fig. 2 shows that besides the existence of main crystalline phases 
(m-ZrO2, C-ZrO2 and t-ZrO2), the diffraction peaks of mullite and Al2O3 begin to 
appear when the content of mullite increases to 4mol%. This phenomenon indicates 
  
that there is almost no mullite in S1, but an appropriate amount of mullite has been 
formed in S2, and there are Al2O3 particles which are not involved in reaction as well. 
With the increase of the content of mullite (S3-S5), the intensity of diffraction peaks 
of the three materials increases obviously, which indicates that their crystallinity has 
increased and obvious growth has taken place. And their existence and content have 
an important influence on the microstructure and mechanical properties of the 
samples. 
In the previous work, the microstructure of various samples with different content of 
mullite has been systematically described [25]. In view of the relatively large 
difference between 2, 4 and 10mol%, we select S1, S2 and S5 as the research objects 
to further study the influence of different microstructure on the tribological properties. 
Fig. 3(a-c) represents the surface microtopography of three different samples (S1, S2 
and S5), each of which was polished prior to testing. The black part is mullite and the 
off-white part is zirconia [25]. As shown in Fig. 3(a), zirconia particles in S1 are 
tightly coated around a small amount of columnar mullite generated by reaction, and 
the two are tightly bonded. Zirconia particles have a small particle size and are closely 
connected to each other. In this sample, the porosity is low and the pore size is small, 
making the surface smoother [27]. And combined with the higher mechanical 
properties of S1 due to the strong intergranular bonding and low porosity, the 
coefficient of friction and wear rate are reduced[28]. At the same time, the sample 
with fine-grained zirconia structure also has good wear resistance under high-speed 
sliding [24]. Compared with S1, it can be observed from Fig. 3(b) that columnar 
  
mullite grows significantly while the content increases in S2. The columnar mullite 
uniformly distributed on the zirconia matrix is closely connected to the fine zirconia 
particles which do not undergo a large amount of aggregation. In addition, according 
to the XRD and EPMA analysis, the sample also contains unreacted alumina particles, 
and the strengthening and toughening effect of the presence of alumina particles and 
columnar mullite significantly improves the mechanical properties of the material 
[25,26]. Good comprehensive mechanical properties combined with extremely low 
porosity make it difficult for materials to undergo large brittle fracture and shedding 
during friction, thus improving the wear resistance of the material [23,27,28]. 
However, great changes have taken place in the microstructure of S5, as shown in Fig. 
3(c). In addition to the previously described and analyzed the phenomenon that 
mullite is in the form of particles or fluids and are connected to each other, it has also 
been found that zirconia particles are agglomerated and even exposed on the surface 
of the sample; more pores are produced and the pore size becomes larger. All of these 
phenomena indicate that the bonding force between the particles is weak and the 
surface of the sample becomes rough, which will significantly affect the tribological 
properties of the material. 
Taking S2 as an example, the distribution of different phases and elements inside is 
further clarified in the EPMA diagram, as shown in Fig. 4(a-f). It can be seen from 
Fig. 4(a) that a large amount of columnar mullite is formed in the sample, and it is 
uniformly distributed in the zirconia matrix. Fig. 4(b) and (f) show that zirconia 
particles are uniformly distributed in the mullite besides being distributed around the 
  
columnar mullite, which can also be demonstrated in Fig. 3(a). This is consistent with 
the previous SEM analysis, and it can be used to explain the effect of zirconia 
particles embedded in mullite on the mechanical properties of mullite [25]. In addition, 
besides the columnar mullite being black in Fig. 4(a), there are many black spots. 
Combined with the XRD and the distribution of aluminum elements in Fig.4(c), it can 
be determined that the black spots are residual Al2O3 particles, which proves that 
Al2O3 particles do not fully react to form mullite. And the pinning effect of residual 
alumina particles will play an important influence on the mechanical properties of 
ceramics, which would further affect the tribological properties. Fig. 4(d) shows the 
distribution of Si elements. In addition to the high content of Si elements in mullite, Si 
elements are also widely present in areas other than mullite. This is because of the 
fluidity of the liquid phase in the Y2O3-SiO2-Al2O3 ternary system, SiO2 particles that 
do not participate in the reaction to form mullite formed a glass phase after sintering, 
and is widely present in the matrix [29-31]. As can be clearly seen from Fig. 4(e), Y 
element is distributed inside the zirconia matrix uniformly. It is shown that Y has been 
incorporated into the zirconia lattice, which effectively stabilizes the tetragonal/cubic 
zirconia phase. In addition, Y element also aggregates near the mullite, which 
promotes the formation of a columnar mullite phase, thereby improving the 
mechanical properties [26]. 
3.2 Tribological behavior 
The curves of the coefficient of friction for all the different samples are shown in 
Fig.5. although their variation trends are roughly the same, the values of the friction 
  
coefficients are obviously different. The purple curve represents the change of the 
friction coefficient of S2. It can be seen that the curve is the lowest, indicating that the 
friction coefficient of S2 is the smallest, only reaches 0.098, which is closely related 
to its dense and intact structure produced by uniform distribution of columnar mullite 
and good mechanical properties, as shown in Table 3. It can be seen that S2 retains a 
high hardness value, and comparative analysis shows that the comprehensive 
mechanical properties of S2 are optimal among the tested samples. Compared with S2, 
the friction coefficients of S1 and S3 increase slightly because of the decreased 
mechanical properties of the samples caused by the content and structure of mullite, 
as shown in the green and black curves. Although the microstructure of S1 is not as 
perfect as that of S2, its dense structure and the uniform distribution of a small 
amount of columnar mullite also make it very hard and have higher fracture toughness 
and bending strength than that of S3, so the friction coefficient of S1 is lower than 
that of S3. The fluid-shaped irregular mullite in S4 and S5 is difficult to strengthen the 
zirconia matrix, and their existence alters the overall structure of the composite 
ceramics. Therefore, they not only reduce the overall hardness of the sample, but also 
make other mechanical properties very poor [25]. In addition, the resulting non-dense 
structure increases surface roughness. Therefore, it is not difficult to conclude that 
their friction coefficients are relatively large, as shown in the red and blue curves in 
the figure. 
Fig. 6 shows the change of wear rate of different samples after 30min of rubbing 
under 150N load. It is intuitive to note that there is a corresponding relationship 
  
between friction coefficients and wear rate. Obviously, the wear rate of the samples 
decreases first and then increases with the increase of the content of mullite, and the 
minimum value appears when the content of mullite reaches 4mol% (S2), which is 
about 3.2×10
-4
. The wear rate of S1 is significantly higher than that of S2, which 
indicates that high hardness alone is not enough to reduce the wear rate. It is further 
noted when the content of mullite exceeds 4mol%, the samples begin to shift from 
slight wear to severe wear, and the wear rate in S5 has increased to 1.7×10
-3
, about 5 
times that of S2. The increment of wear rate is because of the fact that the particles on 
the worn surface are spalled during the friction process due to the decrease in the 
mechanical properties and the increased porosity of the samples. 
To investigate the undulation of the surface and the depth of the grooves after rubbing, 
three dimensional (3D) morphology of the worn surface of five different samples has 
been characterized respectively, as shown in Fig. 7(a-e). The morphology of the worn 
surface of S1 is shown in Fig. 7(a). The blue part on the left represents a relatively 
flat surface with a small number of grooves and a shallow depth; the yellow part 
indicates a large surface undulation. The curve below the graph represents the 
undulation of the worn surface. It can be seen from the curve that the depth of grooves 
on the surface is different, indicating that the friction of the sample is not uniform, 
which may be caused by the uneven force of the friction, or the difference in the 
mechanical properties of the sample itself. The curve shows that the depth of the 
grooves in most areas is shallow, but it even reaches 12-15μm in some places, and the 
grooves are found to be wider in the right area. This is why the wear rate of S1 is high. 
  
The 3D microscopic morphology of the worn surface of S2 is shown in Fig. 7(b). It is 
obvious that the uniformity of the color indicates that the worn surface is uniform, 
which is closely related to the uniform force of S2 during the friction process and its 
good microstructure and mechanical properties. The curve below the graph shows that 
the grooves on the worn surface are very shallow and only reach 8-10μm in some 
places, which confirm that the friction coefficient and wear rate of S2 are small. In 
Fig. 7(c), it can be seen that the microscopic morphology of S3 has changed 
significantly. Although the worn surface is uniformly distributed, the average depth 
increases significantly and the depth in the local area is even 12-14μm, which indicate 
a significant increment in the wear rate of the sample. The peaks on the curves in 
Fig.7(d) and (e) became denser, and the changes between the peaks and valley are 
relatively large, indicating that the number and depth of grooves had increased. These 
all confirm that the friction coefficient and wear rate of S4 and S5 increase with the 
roughness of the worn surface. 
3.3 Wear mechanism 
The morphologies of worn surface offer clues to the wear mechanisms involved in 
sliding wear of the samples. Fig. 8(a) represents the morphology of worn surface of 
S1 after being rubbed for 30min under a 150N load. Scratches and grooves parallel to 
the sliding direction are clearly visible in the micrograph. The main reason for the 
formation of the wavy pattern of these grooves is the plowing effect of hard debris 
which are mainly produced by the flaking of zirconia or mullite particles on the worn 
surface due to thermal stress caused by an increase in temperature and compressive 
  
stress during friction. At the same time, high hardness and low fracture toughness 
make it difficult for the sample to undergo plastic deformation, and on the contrary, it 
is easy for large fragments to fall off, which is the reason why there are large pits in 
the figure. The surface morphology of S2 with fine grain structure is very flat outside 
the hole after rubbing, as shown in Fig. 8(b). The obvious difference from S1 is that 
the grooves are very shallow and few. The main reason for this phenomenon is the 
good overall mechanical properties produced by the good microstructure of S2, which 
significantly improve its tribological properties. These good mechanical properties are 
caused by the pinning effect of the uniform distribution of columnar mullite and 
residual alumina in the matrix [25]. In addition, it can be seen that there are few large 
pores on the worn surface, indicating that no large particles are peeled off during the 
rubbing process and only mild abrasive wear occurs, which are the reason why the 
deep grooves do not occur in Fig. 7(b). As shown in Fig. 8(c-e), unlike the 
phenomenon described in S1, the number and depth of grooves and scratches parallel 
to the rubbing direction of the sample increase as the content of mullite increases, 
indicating that the irregular shape of mullite does not make the tribological properties 
of these samples higher than that of S2, but reduces the wear resistance of the 
materials due to the lower mechanical properties. Due to the relatively rough surface 
of the S3-S5 sample, the higher porosity allows the new zirconia particles to be 
re-exposed to the surface during the rubbing process, while the relatively loose 
structure reduces the connection between the particles, resulting in increased shedding 
of debris during friction. Therefore, more serious abrasive wear occurs on the surface 
  
of the sample. In addition, due to the decrease in hardness and strength of the sample, 
the deformation of the sample during the rubbing process is easier than that of S1 and 
2. It can be seen from the figure that some of their regions are plastically deformed. 
Fig. 9(a) is a further enlargement of the worn surface of sample S1. It can be seen that 
there are indeed pits caused by brittle fracture, and there are also many microcracks 
which may be due to phase changes that occur under stress. This further proves that 
particle shedding occurs during the friction process, resulting in micro-cutting of the 
sample, which belongs to abrasive wear. In this case, the wear mechanism is shown in 
Fig. 10(a) and (b). In the friction process, the actual contact area is far less than the 
apparent contact area due to the difference in surface height between the sample and 
the mated ring on the macro level and the roughness caused by the arrangement of 
grains on the surface of the sample on the micro level. The rigid particles protruding 
from the surface of the sample contact with the matching ring, and are detached due to 
the pressure during the sliding process. The abrasive chips existing between the 
friction surfaces are partially embedded in the sample and the mating ring under the 
action of the pressing force, and the furrows are generated on the surface of the 
sample during the further sliding, which is called abrasive wear. The presence of 
adhesive layered material on the worn surface indicates that slight adhesive wear 
occurs on S2, as shown in Fig. 9(b). The main reason can be explained by Fig. 10(a) 
and (c). The surface of S2 is relatively smooth, which increases its contact area with 
the mating ring. Under the conditions of high load and high speed sliding, the 
instantaneous high temperature causes Cr26 to soften and make the two bonding 
  
surfaces adhere to each other, resulting in the migration of materials. However, due to 
the high mechanical properties of the two and the presence of the lubricating oil film, 
the surfaces of the sample do not tear or even fell off a large area, but only slight 
adhesive wear occurs. Compared with Fig. 9(a-b), the plastic deformation regions of 
S3-S5 increase under the action of compressive stress, and the plastic flow of the 
material in the sliding direction causes the formation of cavities, as shown in Fig. 9(c). 
This indicates that these samples have a more severe adhesive wear and abrasive wear 
during the rubbing process. Although lubricants can enter the cavity during friction to 
reduce frictional resistance, their wear rate is still higher than S2. Therefore, the wear 
rate of these samples is significantly increased. Its wear mechanism can also be 
described in Fig.10(a-c). 
4. Conclusions 
Mullite/3Y-TZP composite ceramics were prepared by gel-casting combine with 
pressureless sintering. The effects of different content of mullite on the microstructure 
and tribological properties of Mullite/3Y-TZP composite ceramics were studied. The 
main results can be summarized as follows: 
(1) The microstructure of S2 is excellent. Complete columnar mullite and residual 
alumina particles uniformly distributed in the matrix improve the mechanical 
properties of the material. The dense structure resulting from low open porosity 
increases the bonding force between different particles, which not only improves the 
performance, but also makes the sample surface smoother. 
(2) The wear resistance of S2 is excellent owing to its good microstructure and 
  
mechanical properties. It has a lower friction coefficient and wear rate than other 
samples. Although S1 has a high hardness, its fracture toughness and flexural strength 
are low, so that the tribological properties are not as good as those of the S2. S3, S4 
and S5 have poor tribological properties due to their poor structure and overall 
mechanical properties. 
(3) Each sample undergoes micro-cutting during the rubbing process. In addition, 
slight adhesive wear also occurs in S2 while it exacerbates in S3-S5. High hardness 
and good bond strength between grains only cause slight wear in S2, but S3-S5 is easy 
to deform and fall off during friction due to lower hardness and poor mechanical 
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Table 1. Performance parameters of mated ring and oil used. 
Table 2. Experimental parameters of all tribological tests. 
Table 3. The mechanical properties of Mullite/3Y-TZP composite ceramics with 
different content of mullite. 
Figure. 1. The picture above is the actual picture of the friction experiment; The 
picture below is the schematic diagram of the friction experiment. 
Figure. 2. XRD patterns of samples with different content of mullite sintered at 
optimal temperature. 
Figure. 3. (a-c) represents microscopic topographies of surfaces of different samples 
(S1,S2 and S5), respectively. 
Figure. 4. Morphology and element distribution of the sample containing 4mol% 
mullite: (a) Morphology; (b) Zr distribution; (c) Al distribution; (d) Si distribution; (e) 
Y distribution; (f) O distribution. 
Figure. 5. The coefficient of friction of different samples (S1-S5) after rubbing in an 
oily environment. 
Figure. 6. The wear rate of different samples (S1-S5) after rubbing in an oily 
environment. 
Figure. 7. 3D microscopic topography of the worn surface of different samples 
(S1-S5). 
Figure. 8. The morphology of worn surface of different samples after rubbing in an 
oily environment (S1-S5). 
  
Figure. 9. Further enlargement of the worn surfaces of different samples (S1,S2,S5). 
Figure. 10. Schematic diagram of different wear mechanisms that may occur during 
the experiment. 
  
Table 1. Performance parameters of mated ring and oil used 






Cr Si Mn S 
≥56 
26 ≤0.8 0.8-1 ≤0.06 
C P Ni Cu 
2.7-2.9 ≤0.15 0.5-1.5 ≤2.0 
 Viscosity Function 
Engine oil 15W-40 Protection and maintenance 
  





















Table 3. The mechanical properties of Mullite/3Y-TZP composite 




Mechanical parameters of different samples 















2 0.2 785.81 10.04 13.10 
4 0.15 907.31 10.38 13.02 
6 0.24 633.59 7.76 12.07 
8 0.31 517.97 5.72 11.32 
10 0.36 502.85 4.67 10.67 
  
 
Figure. 1. The picture above is the actual picture of the friction experiment; 
The picture below is the schematic diagram of the friction experiment 
  
 
Figure. 2. XRD patterns of samples with different content of mullite sintered  
at optimal temperature. 
  
 
Figure. 3. (a-c) represents microscopic topographies of surfaces of different 





Figure. 4. Morphology and element distribution of the sample containing 4mol% 
mullite: (a) Morphology; (b) Zr distribution; (c) Al distribution; 




Figure. 5. The coefficient of friction of different samples (S1-S5) after rubbing 
in an oily environment. 
  
 




Figure 7. 3D microscopic topography of the worn surface of different samples (S1-S5).
  
 
Figure. 8. The morphology of worn surface of different samples after rubbing 
 in an oily environment (S1-S5). 
  
 
Figure 9. Further enlargement of the worn surfaces of different samples (S1,S2,S5). 
  
 
Figure 10. Schematic diagram of different wear mechanisms that may occur 




The effect of the content of mullite on the microstructure and tribological properties 
of Mullite/3Y-TZP composite ceramics was investigated in depth. A theoretical model 
of wear mechanism was established based on the wear surface morphology, revealing 
the wear mechanism of Mullite/3Y-TZP composite ceramics. 
 
